Curcumin is known to have immunomodulatory potential in addition to anti-oxidant, anti-inflammatory and anti-carcinogenic effects. The aim of the present study is to investigate the therapeutic effects of curcumin on immune-mediated renal disease in an anti-glomerular basement membrane (GBM) model (representing acute kidney Injury, AKI) and murine lupus model (representing chronic kidney disease, CKD). In the AKI model, female anti-GBM 129/svj mice were administered with curcumin right before disease induction. In the CKD model, female MRL.lpr mice at the age of 8-10 weeks old were treated with curcumin or placebo via oral gavage daily for two months. After treatment, serum autoantibody levels, splenomegaly and spleen cellularity were reduced in murine lupus. Collectively, curcumin ameliorated kidney disease in the two mouse models with either acute or chronic nephritis, as marked by reduced proteinuria, blood urea nitrogen, glomerulonephritis, crescent formation, tubule-interstitial disease, and renal infiltration by lymphocytes. In addition, curcumin treatment reduced activation of the NFkB, MAPK, AKT and pBAD pathways either systemically, or within the inflamed kidneys. These findings suggest that natural food supplements could become an alternative approach to ameliorating immune-mediated kidney diseases.
Introduction
Immune-mediated nephritis include lupus nephritis (LN), anti-neutrophilic cytoplasmic antibodies (ANCA)-positive glomerulonephritis, IgA nephropathy (IgAN), membranous nephropathy (MN), and minimal change nephropathy (MCN); they might have common etiologic factors, and eventually could lead to severe persistent proteinuria, chronic renal failure and end-stage renal diseases [1] [2] [3] [4] [5] [6] . The current treatment for LN involves the use of high-dose glucocorticoids and immunosuppressant, but these are suboptimal and associated with considerable side-effects [7] [8] [9] . This warrants search for new treatment modalities with improved efficacy and reduced side effects from generalized immunosuppression and drug toxicity. Given a substantial body of research on the therapeutic effects of curcumin, the natural yellow pigment in turmeric isolated from the rhizome of the
Results
Anti-glomerular basement membrane (GBM) antibodies injected to the 129 strain of mice have previously been shown to cause crescentic glomerulonephritis and proteinuria within 2-3 weeks [38, 39] and this is used in this study as a model of acute immune nephritis. In contrast, MRL.lpr mice, one of the best studied models for spontaneous lupus with autoantibodies and glomerulonephritis similar to human lupus is used as the chronic kidney disease model, also mediated by autoantibodies [38, 39] . Curcumin was administered daily from D0 for 15 days. Upon sacrifice of the mice on D15 (peak of disease), 24-h urine and blood were collected for further analysis and kidneys were processed for renal pathology as described elsewhere [37, 38, 40] . Twenty-four-hour proteinuria, Blood Urea Nitrogen (BUN) and serum creatinine were measured as described previously [37, 40] . As shown in Figure 1 , clearly the 24-h proteinuria ( Figure 1A ) and BUN ( Figure 1B ) were significantly reduced in the curcumin-treated group compared to the placebo group, p < 0.05. In addition, serum creatinine levels ( Figure 1C ) were also decreased in the curcumin-treated mice, but the difference did not reach statistical significance (p > 0.05). Importantly, glomerulonephritis (GN) score ( Figure 1D ), the percentage of crescent formation ( Figure 1E ), tubules and interstitial score ( Figure 1F ) and the periglomerular and perivascular lymphocytic infiltration in the kidney ( Figure 1G ) were remarkably reduced in the curcumin-treated group compared to the placebo group. H&E staining of renal sections demonstrated the improvement of renal pathology after curcumin treatment, as marked by reduced glomerular size and inflammation, and reduced mesangial deposits in the glomeruli ( Figure 1H ). , crescent formation (E), tubules and interstitial pathology (F) and lymphocytic infiltration (G), compared to the placebo group. H&E staining of kidney is also shown in (H). Shown are representative photomicrographs of Periodic acid-Schiff (PAS) stained kidney sections isolated from curcumin-treated and placebo treated mice. All images were taken at 200× total magnification. Data were compared using a two tailed Student's t-test. * represents p < 0.05, ** represents p < 0.01.
In order to determine how curcumin might impact cell subsets and activation status of infiltrating lymphocytes in the kidney of anti-GBM mice, we harvested kidneys to prepare single cell suspension. Cells were then counted using the Cellometer Auto M10 automated cell counter (Nexcelom Bioscience, Lawrence, MA, USA). Single cell suspensions were stained for flow cytometry analysis of the lymphocyte subsets including CD3+ cells, B220+ cells, CD11b+ cells, and CD11c+ cells. Comparison of the mean values of the total renal cell numbers in the curcumin-treated group and the placebo group using the Student's t-test did not show a significant difference. The mean values of the total number of CD3+ cells ( Figure 2A ) and B220+ cells ( Figure 2B ) were significantly reduced in the curcumin-treated group compared to the placebo group. Likewise, CD11b+ cells and CD11c+ cells were also reduced in the curcumin-treated group compared to the placebo group in the anti-GBM mouse model, but the difference was not statistically different ( Figure 2C , crescent formation (E), tubules and interstitial pathology (F) and lymphocytic infiltration (G), compared to the placebo group. H&E staining of kidney is also shown in (H). Shown are representative photomicrographs of Periodic acid-Schiff (PAS) stained kidney sections isolated from curcumin-treated and placebo treated mice. All images were taken at 200× total magnification. Data were compared using a two tailed Student's t-test. * represents p < 0.05, ** represents p < 0.01.
In order to determine how curcumin might impact cell subsets and activation status of infiltrating lymphocytes in the kidney of anti-GBM mice, we harvested kidneys to prepare single cell suspension. Cells were then counted using the Cellometer Auto M10 automated cell counter (Nexcelom Bioscience, Lawrence, MA, USA). Single cell suspensions were stained for flow cytometry analysis of the lymphocyte subsets including CD3+ cells, B220+ cells, CD11b+ cells, and CD11c+ cells. Comparison of the mean values of the total renal cell numbers in the curcumin-treated group and the placebo group using the Student's t-test did not show a significant difference. The mean values of the total number of CD3+ cells ( Figure 2A ) and B220+ cells ( Figure 2B ) were significantly reduced in the curcumin-treated group compared to the placebo group. Likewise, CD11b+ cells and CD11c+ cells were also reduced in the curcumin-treated group compared to the placebo group in the anti-GBM mouse model, but the difference was not statistically different ( Figure 2C ,D).
Figure 2.
Treatment with curcumin decreased renal lymphoid cell infiltration in anti-GBM mouse model. Single cell suspensions were prepared from the isolated kidney samples and cells were counted on Cellometer AutoM10 automated cell counter (Nexcelom Bioscience, Lawrence, MA). Comparison of the mean values of the total renal cell numbers in the curcumin-treated group and the placebo group by a Student's t test did not show a significant difference. The mean values of the total number of CD3+ cells (A, p < 0.05) and B220+ cells (B, p < 0.05) were significantly reduced in the curcumin-treated group compared to the placebo group. Renal CD11b+ cells and CD11c+ cells were also decreased in the curcumin-treated mice; however, the difference was not statistically significant (C,D, p > 0.05).
To determine the impact of curcumin on various cell signaling pathways in kidney, Western blot was performed using total renal cortex lysates prepared from the kidneys of the anti-GBM afflicted mice. Since total renal cortex lysates were used, this is likely to reflect signaling status in both the renal parenchymal cells as well as infiltrating immune cells. The results demonstrated that phosphorylation of NF-κB, p38, extracellular signal-regulated kinases (Erk1,2) and Bad were significantly reduced in the renal tissues of mice treated with curcumin compared with the placebo group ( Figure 3 ). This suggests that curcumin might improve renal pathology by inhibiting multiple signaling pathways, which are responsible for lymphoproliferation and inflammation such as NF-κB, P38 and Erk1,2 or apoptosis-promoting molecules, such as Bad. To determine the impact of curcumin on various cell signaling pathways in kidney, Western blot was performed using total renal cortex lysates prepared from the kidneys of the anti-GBM afflicted mice. Since total renal cortex lysates were used, this is likely to reflect signaling status in both the renal parenchymal cells as well as infiltrating immune cells. The results demonstrated that phosphorylation of NF-κB, p38, extracellular signal-regulated kinases (Erk1,2) and Bad were significantly reduced in the renal tissues of mice treated with curcumin compared with the placebo group ( Figure 3 ). This suggests that curcumin might improve renal pathology by inhibiting multiple signaling pathways, which are responsible for lymphoproliferation and inflammation such as NF-κB, P38 and Erk1,2 or apoptosis-promoting molecules, such as Bad. Figure 3 . Changes in cell signaling in total renal cortex lysates after curcumin treatment in the anti-GBM mouse model. Western blot analyses showed significantly reduced phosphorylation of NF-κB, P38, Erk1,2 and Bad in renal tissues of mice treated with curcumin compared with the group treated with placebo. Since total renal cortex lysates were used, this is likely to reflect signaling status in both the renal parenchymal cells as well as infiltrating immune cells. The intensity of the Western blot band was further quantified using ImageQuant software (ThermoFisher) and the data were plotted using Prism GraphPad software. Data shown are representative of three mice in each group. Each bar represents the mean/SEM of three mice. Error bars denote standard deviation. * represents p < 0.05, ** represents p < 0.01.
Next, we investigated the preventive effect of curcumin on spontaneous murine lupus using the MRL.lpr mouse model at the age of 8~10 weeks, over a course of 2 months. We found both splenomegaly ( Figure 4A ) and total splenocytes ( Figure 4B ) were significantly reduced in the curcumin-treated group compared to the placebo group. Splenic B220+ B cells were also significantly reduced after curcumin treatment ( Figure 4C ), and CD86+ activated B-cells were significantly reduced as well ( Figure 4D ). We also found both the CD4+ and CD8+ T cell subsets to be decreased after curcumin treatment ( Figure 4E ,G); likewise, CD4+CD62L− T cells and CD8+CD62L− T cells were also decreased ( Figure 4F ,H), suggesting the suppressive effect of curcumin on the activation of T cells in MRL.lpr mice, although these changes were not statistically significant (p > 0.05). Likewise, F4/80+ macrophages ( Figure 4I ,J) and CD11c+ dendritic cells ( Figure 4K ,L) were decreased, together with their cell activation status (CD86+) in the curcumin-treated group compared to the placebo group, although these changes did not reach statistical significance in this particular study. Changes in cell signaling in total renal cortex lysates after curcumin treatment in the anti-GBM mouse model. Western blot analyses showed significantly reduced phosphorylation of NF-κB, P38, Erk1,2 and Bad in renal tissues of mice treated with curcumin compared with the group treated with placebo. Since total renal cortex lysates were used, this is likely to reflect signaling status in both the renal parenchymal cells as well as infiltrating immune cells. The intensity of the Western blot band was further quantified using ImageQuant software (ThermoFisher) and the data were plotted using Prism GraphPad software. Data shown are representative of three mice in each group. Each bar represents the mean/SEM of three mice. Error bars denote standard deviation. * represents p < 0.05, ** represents p < 0.01.
Next, we investigated the preventive effect of curcumin on spontaneous murine lupus using the MRL.lpr mouse model at the age of 8~10 weeks, over a course of 2 months. We found both splenomegaly ( Figure 4A ) and total splenocytes ( Figure 4B ) were significantly reduced in the curcumin-treated group compared to the placebo group. Splenic B220+ B cells were also significantly reduced after curcumin treatment ( Figure 4C ), and CD86+ activated B-cells were significantly reduced as well ( Figure 4D ). We also found both the CD4+ and CD8+ T cell subsets to be decreased after curcumin treatment ( Figure 4E ,G); likewise, CD4+CD62L− T cells and CD8+CD62L− T cells were also decreased ( Figure 4F ,H), suggesting the suppressive effect of curcumin on the activation of T cells in MRL.lpr mice, although these changes were not statistically significant (p > 0.05). Likewise, F4/80+ macrophages ( Figure 4I ,J) and CD11c+ dendritic cells ( Figure 4K ,L) were decreased, together with their cell activation status (CD86+) in the curcumin-treated group compared to the placebo group, although these changes did not reach statistical significance in this particular study. We next ask if curcumin is also beneficial in preventing the development of chronic kidney disease-lupus nephritis. After the treatment of MRL.lpr female mice (8-10 weeks old) with curcumin at 1 g/kg bodyweight, daily for 2 months, we found that 24-h proteinuria ( Figure 5A ) and serum BUN ( Figure 5B ) levels were significantly reduced compared to the placebo group, p < 0.05. Renal sections were evaluated by a renal pathologist for glomerulonephritis as evidenced by the GN score ( Figure  5C ), glomerular crescent percentage ( Figure 5D ), tubulointerstitial disease score ( Figure 5E ) and periglomerular and perivascular lymphocytic infiltration score ( Figure 5F ). All these renal disease manifestations were significantly alleviated in the curcumin-treated group compared to the placebo group, p < 0.05. H&E staining of paraffin-embedded renal sections from representative mice is also shown ( Figure 5G ) for both the curcumin-treated group and the placebo group. Clearly, nephritisassociated kidney pathology was significantly improved after curcumin treatment, as marked by reduced glomerular size and inflammation, reduced mesangial deposits in the glomeruli, and reduced tubular casts. We next ask if curcumin is also beneficial in preventing the development of chronic kidney disease-lupus nephritis. After the treatment of MRL.lpr female mice (8-10 weeks old) with curcumin at 1 g/kg bodyweight, daily for 2 months, we found that 24-h proteinuria ( Figure 5A ) and serum BUN ( Figure 5B ) levels were significantly reduced compared to the placebo group, p < 0.05. Renal sections were evaluated by a renal pathologist for glomerulonephritis as evidenced by the GN score ( Figure 5C ), glomerular crescent percentage ( Figure 5D ), tubulointerstitial disease score ( Figure 5E ) and periglomerular and perivascular lymphocytic infiltration score ( Figure 5F ). All these renal disease manifestations were significantly alleviated in the curcumin-treated group compared to the placebo group, p < 0.05. H&E staining of paraffin-embedded renal sections from representative mice is also shown ( Figure 5G ) for both the curcumin-treated group and the placebo group. Clearly, nephritis-associated kidney pathology was significantly improved after curcumin treatment, as marked by reduced glomerular size and inflammation, reduced mesangial deposits in the glomeruli, and reduced tubular casts. We next examined whether curcumin could impact immune system changes in lupus, such as autoantibody production. We collected D0 and D60 sera and measured IgG anti-dsDNA, IgG anti-ssDNA, IgG anti-histone, IgM anti-dsDNA, IgM anti-ssDNA and IgM anti-histone at both the starting point (D0) and end point (D60) of the treatment. All assayed autoantibodies were low in both the curcumin-treated group and placebo group on Day 0, which serve as a baseline for each autoantibody type ( Figure 6 ). Compared to the placebo group, curcumin-treated mice exhibited significantly reduced IgG anti-dsDNA ( Figure 6A ), IgG anti-ssDNA ( Figure 6B ), IgG anti-histone ( Figure 6C ) and IgM anti-histone ( Figure 6F ) following treatment; however, there was no significant difference in IgM anti-dsDNA ( Figure 6D ) and IgM anti-ssDNA ( Figure 6E ) levels after curcumin treatment. We next examined whether curcumin could impact immune system changes in lupus, such as autoantibody production. We collected D0 and D60 sera and measured IgG anti-dsDNA, IgG anti-ssDNA, IgG anti-histone, IgM anti-dsDNA, IgM anti-ssDNA and IgM anti-histone at both the starting point (D0) and end point (D60) of the treatment. All assayed autoantibodies were low in both the curcumin-treated group and placebo group on Day 0, which serve as a baseline for each autoantibody type ( Figure 6 ). Compared to the placebo group, curcumin-treated mice exhibited significantly reduced IgG anti-dsDNA ( Figure 6A ), IgG anti-ssDNA ( Figure 6B ), IgG anti-histone ( Figure 6C ) and IgM anti-histone ( Figure 6F ) following treatment; however, there was no significant difference in IgM anti-dsDNA ( Figure 6D ) and IgM anti-ssDNA ( Figure 6E ) levels after curcumin treatment. Next, we examined whether curcumin could impact various cell signaling pathways of immune cells in the spleen. The phosphorylated form and/or the pan form of AKT, Erk1,2, NF-κB, IκB and Bcl-2 were examined and the intensity of each band of interest was quantified using ImageQuant. Compared to the placebo group, we could clearly document significant inhibition of the phosphorylation of AKT, Erk1,2 and NF-κB after curcumin treatment, p < 0.05 (Figure 7 ). Next, we examined whether curcumin could impact various cell signaling pathways of immune cells in the spleen. The phosphorylated form and/or the pan form of AKT, Erk1,2, NF-κB, IκB and Bcl-2 were examined and the intensity of each band of interest was quantified using ImageQuant. Compared to the placebo group, we could clearly document significant inhibition of the phosphorylation of AKT, Erk1,2 and NF-κB after curcumin treatment, p < 0.05 (Figure 7 ). Finally, we determined whether curcumin treatment could cause any side effects in the immune nephritis mouse models. Complete blood counts ( Figure 8A -H) as well as liver function-related enzymes alanine amino transferase and aspartate amino transferase enzyme levels ( Figure 8I ,J) in blood were examined in curcumin-treated and placebo mice; however, neither blood cell counts nor liver function were negatively affected by curcumin [41] . Finally, we determined whether curcumin treatment could cause any side effects in the immune nephritis mouse models. Complete blood counts ( Figure 8A -H) as well as liver function-related enzymes alanine amino transferase and aspartate amino transferase enzyme levels ( Figure 8I ,J) in blood were examined in curcumin-treated and placebo mice; however, neither blood cell counts nor liver function were negatively affected by curcumin [41] . 
Discussion
In addition to the recent evidence from mechanism-based studies on the potential of curcumin in the prevention and treatment of cancer and inflammatory diseases, there has also been some effort to unravel the immunomodulatory effects of curcumin and examine its use in autoimmune diseases like rheumatoid arthritis [42] , type-1 diabetes [43] , psoriasis [44] and inflammatory bowel disease [45] . Curcumin has modulatory effects on various immune cells via relevant signaling pathways [15] :
(1) In T cells, curcumin inhibited proliferation of lymphocytes derived from fresh spleen induced by tumor promoter phorbol-12-myristate ester-13-acetate (PBA) [46] . Curcumin blocks interleukin (IL)-2 signaling in T-lymphocytes by inhibiting IL-2 synthesis, CD25 expression, and IL-2 receptor signaling [47] . Inhibition of Calcium-ATPase activity and Calcium transport by curcumin prevents dephosphorylation of NFAT and thereby prevents expression of genes for activation of T cells [48] . In this study, we observed both CD4+ and CD8+ T cell subsets were decreased after curcumin treatment ( Figure 4E,G) ; likewise, CD4+CD62L− T cells and CD8+CD62L− T cells were decreased ( Figure 4F,H) . These results are in agreement with the results from others, confirming the suppressive effect of curcumin on the proliferation and activation of T cells. In a study by Hyojung Lee et al., curcumin was shown to decrease proteinuria, serum levels of antibodies, IgG immune complex in glomeruli and renal inflammation in NZB/W F1 female mice. The protective effect was speculated to be due to the interaction of curcumin with Treg cells as the therapeutic effects disappeared after Treg depletion by anti-CD25 antibody injection [42] .
(2) In B cells, curcumin could arrest growth and promote apoptosis of B cell lymphoma by downregulation of various signaling molecules including Early Growth Response Protein 1 (EGR-1), C-myc, Bcl-XL, NF-κB, and p53 [49] . In another study, curcumin was found to induce apoptosis in Chronic lymphocytic leukemia (CLL) B cells in a dose-dependent manner and inhibited Figure 8 . Sixty-day curcumin treatment did not cause overt side effects. Complete Blood Count (CBC) was performed in a clinical laboratory, after a 60-day curcumin and placebo treatment of MRL.lpr (female, n = 5 each). Peripheral blood cell counts were not altered by curcumin treatment in the immune nephritis mouse models (A-H). Enzymes for liver function: Alanine amino transferase and aspartate amino transferase enzyme activities were measured in the immune nephritis mouse models (I,J) to compare the curcumin treatment with similar samples from the placebo treated mice. Each bar represents the mean of three mice. Error bars denote standard deviation.
(1) In T cells, curcumin inhibited proliferation of lymphocytes derived from fresh spleen induced by tumor promoter phorbol-12-myristate ester-13-acetate (PBA) [46] . Curcumin blocks interleukin (IL)-2 signaling in T-lymphocytes by inhibiting IL-2 synthesis, CD25 expression, and IL-2 receptor signaling [47] . Inhibition of Calcium-ATPase activity and Calcium transport by curcumin prevents dephosphorylation of NFAT and thereby prevents expression of genes for activation of T cells [48] . In this study, we observed both CD4+ and CD8+ T cell subsets were decreased after curcumin treatment ( Figure 4E,G) ; likewise, CD4+CD62L− T cells and CD8+CD62L− T cells were decreased ( Figure 4F,H) . These results are in agreement with the results from others, confirming the suppressive effect of curcumin on the proliferation and activation of T cells. In a study by Hyojung Lee et al., curcumin was shown to decrease proteinuria, serum levels of antibodies, IgG immune complex in glomeruli and renal inflammation in NZB/W F1 female mice. The protective effect was speculated to be due to the interaction of curcumin with T reg cells as the therapeutic effects disappeared after Treg depletion by anti-CD25 antibody injection [42] .
(2) In B cells, curcumin could arrest growth and promote apoptosis of B cell lymphoma by downregulation of various signaling molecules including Early Growth Response Protein 1 (EGR-1), C-myc, Bcl-XL, NF-κB, and p53 [49] . In another study, curcumin was found to induce apoptosis in Chronic lymphocytic leukemia (CLL) B cells in a dose-dependent manner and inhibited constitutively active pro-survival pathways including STAT3, AKT, and NF-κB. The expression of the anti-apoptotic proteins Mcl-1 and X-linked inhibitor of apoptosis protein (XIAP) is suppressed by curcumin. Curcumin also up-regulated the pro-apoptotic protein BIM [50] . In this study, we demonstrated that B220+ B cells were significantly reduced after curcumin treatment ( Figure 4C) , and that CD86+-activated B cells were significantly reduced as well ( Figure 4D ). The examination of signaling pathways in splenocytes indicated that cell proliferation-related signaling molecules such as AKT, Erk1,2 and NF-κB were downregulated, which suggests that curcumin may suppress autoimmunity via the amelioration lymphoproliferation. Interestingly, the anti-apoptotic molecule Bcl-2 was also downregulated upon curcumin treatment, which is consistent with the speculation that curcumin may abrogate immune responses via promoting apoptosis of immune cells in the peripheral lymphoid tissue such as the spleen in lupus.
(3) Curcumin could inhibit nitric oxide (NO) production in macrophages [51] . LPS-induced phosphorylation of p65 subunit of NF-κB and IκBα in murine macrophages was blocked by curcumin [52] . Curcumin treatment significantly reduced macrophage recruitment in a mouse model of peritonitis. Monocyte-derived cell lines treated and primary human macrophages treated with curcumin significantly inhibited cell migration in vitro [52, 53] . Curcumin was found to impair the T cell stimulatory function of dendritic cells with reduced secretion of proinflammatory cytokines and nitric oxide (NO) and low surface expression of co-stimulatory molecules, leading to an overall diminished antigen-presenting cell activity in accelerated murine models of Type 1 diabetes [54] . Curcumin could induce DC differentiation towards maturation-arrest. DC treated with curcumin (CurcDC) demonstrated minimal CD83 expression, down-regulation of CD80/CD86 and reduction in both major histocompatibility complex (MHC) class II and CD40 expression. CurcDC displayed decreased RelB and interleukin (IL)-12 mRNA and protein expression. Allo-stimulatory capacity of CurcDC was functionally decreased [55] . Interestingly, in our renal cell flow cytometry analysis, we noticed both macrophages (CD11b+) and dendritic cells (CD11c+) to be decreased after the treatment of anti-GBM mice with curcumin, although not attaining statistical significance. These observations are in agreement with previous results by others regarding the inhibitory effects of curcumin on macrophages and dendritic cells. This suggests that curcumin may suppress the proliferation and activation of infiltrating macrophages and dendritic cells in the inflamed kidneys during immune nephritis. Indeed, the significant improvement of renal pathology we observed in both the spontaneous lupus mouse model and in the anti-GBM mouse model support this notion.
Curcumin could be useful in immune nephritis and systemic autoimmunity by modulating multiple pathways. Among these, histone acetylation-induced epigenetic dysregulation has been implicated in the pathogenesis of lupus. Alteration of histone acetylation status through histone deacetylase (HDAC) inhibitors is a newly investigated avenue to target lupus [42] . Of relevance, studies have shown that curcumin inhibits histone acetyl transferase (HAT) inducing histone hypoacetylation in vivo without involving HDAC [42] .
Recent studies have shown that curcumin ameliorates autoimmune diseases by regulating inflammatory cytokines such as IL-1beta, IL-6, IL-12, TNF-alpha and IFN-gamma and associated JAK-STAT, AP-1, and NF-κB signaling pathways in immune cells, as reviewed by others [56] . In a psoriasis mouse model, curcumin significantly inhibited secretion of inflammatory factors including interleukin (IL)-17, IL-22, IFN-γ, IL-2, IL-8 and TNF-α in T cells by 30%-60% in vitro. Indeed, inflammatory factors including TNF-α, IFN-γ, IL-2, IL-12, IL-22 and IL-23 in mouse serum were decreased by curcumin treatment in vivo [57] . These observations support our hypothesis that curcumin might suppress inflammation in both acute and chronic immune nephritis via the downregulation of transcription factors such as NF-κB, which dictate the expression of proinflammatory cytokines.
It is encouraging that curcumin use in a randomized and placebo-controlled study of 24 patients with relapsing or refractory biopsy proven LN led to a decrease in proteinuria, hematuria and blood pressure following short-term curcumin treatment [58] . Hence, it is promising to note that curcumin could serve as a natural remedy for the treatment of immune-mediated nephritis, including lupus nephritis. Clearly, larger clinical trials are warranted.
Materials and Methods

Mice and Treatment
Mouse strains 129/svj and MRL.lpr were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Texas, Southwestern Medical Center, Dallas, Texas (Approved animal protocol # 0841-07-19-1 on 5 January 2010).
For the acute nephritis model, female 129/svj mice (n = 10 per group) were pre-sensitized on Day 1 with rabbit IgG (250 µg per mouse, intraperitoneal injection), in adjuvant as described previously [38, 39] . On Day 5, the mice were challenged intravenously with nephrotoxic serum or NTS (200 µg per 25 g body weight). For the chronic nephritis model, we treated 8-10 weeks old female MRL.lpr mice (n = 5 per group) with curcumin (1 g/kg body weight) or placebo (sesame oil) via oral gavage daily for two months. After treatment, proteinuria, serum antibody levels, spleen cellularity, renal pathology and splenic cell signaling status were examined. Curcumin (a kind gift from Dr. Bharat Agarwal at MD Anderson Cancer Center, 1 g/kg body weight) or placebo (sesame oil) via oral gavage was given daily to mice starting on Day 0 for 15 days. Then the mice were sacrificed and proteinuria, renal cellularity, pathology, and cell signaling status were examined.
Renal Disease
Metabolic cages were used for twenty-four-hour urine samples collection. Total urinary protein was assayed using Coomassie-based assay (Thermo Fisher Scientific, Waltham, MA, USA) [38] . Blood samples were collected on Day 15. Blood urea nitrogen (BUN) was assayed using a colorimetric method purchased from Sigma-Aldrich and serum creatinine was assayed using a kit obtained from Caymen Chemical (Ann Arbor, MI, USA). Upon sacrifice of mice, kidneys were fixed, sectioned, and stained with hematoxylin and eosin, and periodic acid schiff. At least 100 glomeruli were studied per section by light microscopy for features of inflammation and/or tissue damage, and graded as detailed elsewhere [40] , in a blinded manner. Glomeruli were screened for the presence of hypertrophy, proliferative changes, hyaline deposits, crescent formation, fibrosis/sclerosis, as well as basement membrane thickening. Glomerulonephritis (GN) score or severity was graded on a 0-4 scale as listed here: 0, normal; 1, mild increase in mesangial cellularity and matrix; 2, moderate increase in mesangial cellularity and matrix, with thickening of the GBM; 3, focal endocapillary hypercellularity with obliteration of capillary lumina and a substantial increase in the thickness and irregularity of the GBM; and 4, diffuse endocapillary hypercellularity, segmental necrosis, crescents, and hyalinized end-stage glomeruli. Similarly, the severity of tubulointerstitial nephritis (TIN) was graded on a 0-4 scale, based on the degree of tubular atrophy, inflammatory infiltrates, and interstitial fibrosis, as detailed previously [38] [39] [40] .
Flow Cytometric Analysis
Splenocytes were depleted of erythrocytes using a lysis buffer (with 0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM Na 2 EDTA, pH 7.2), and single cell suspensions were subjected to flow cytometric analysis, as reported previously [37, 40] .
ELISA for Autoantibodies
The anti-dsDNA, anti-histone, and anti-histone/DNA ELISA assays were executed out as reported elsewhere [37, 40] . All OD values were converted to Units/mL (U/mL), using a positive control serum obtained from MRL.lpr mice, by setting the binding by a 1:100 dilution of this serum to equal 100 U/mL. Sera samples with reactivity stronger than the highest standard were further diluted and re-assayed. The glomerular binding assay was executed as reported previously [37, 40] , using sonicated rat glomeruli as the plate bound substrate.
Western Blot Analysis
Spleen or kidney tissues were lysed with 20 mM Tris-HCL (pH7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 µg/mL leupetin, 1% Triton X-100, 1 mM Na 3 VO 4 , and the obtained protein was quantified using the Bradford assay, and 10 µg was ran per lane in SDS-PAGE gels. Primary antibodies Abs against these signaling molecules were purchased from Cell Signaling Technology (Danvers, MA, USA): AKT, phospho-AKT, NF-κB, phospho-NF-κB, phospho-P38, Erk1,2, phospho-Erk1,2, IκB, phospho-Bad; Antibody against Bcl-2 was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-β-actin served as the loading control (Advanced Immunochemical Inc, Long Beach, CA, USA). HRP-conjugated secondary antibody reagents and an ECL-plus detection assay (GE Healthcare, Chicago, IL, USA) were used to develop the blot. All band intensities were quantified with ImageJ software 1.37 (National Institute of Health, Bethesda, MD, USA, http:rsb.info.nih.gov/ij).
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified above.
Statistics
Statistical tests were performed using a paired and unpaired student's T test, using Graphpad Instat 3 (GraphPad Software, San Diego, CA, USA). For depicted experiments, the mean and SEM are also shown. A p value < 0.05 was considered significant.
Conclusions
To sum, curcumin therapy ameliorated kidney disease in the two mouse models with either acute or chronic nephritis, as marked by reduced proteinuria, blood urea nitrogen, glomerulonephritis, crescent formation, tubule-interstitial disease, and renal infiltration by lymphocytes. In addition, curcumin treatment reduced activation of the NFkB, MAPK, AKT and pBAD pathways either systemically, or within the inflamed kidneys. These findings suggest that natural food supplements could become an alternative approach to ameliorating immune-mediated kidney diseases.
